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[1] The Context Camera (CTX) on the Mars Reconnaissance Orbiter (MRO) is a Facility
Instrument (i.e., government-furnished equipment operated by a science team not
responsible for design and fabrication) designed, built, and operated by Malin Space
Science Systems and the MRO Mars Color Imager team (MARCI). CTX will (1) provide
context images for data acquired by other MRO instruments, (2) observe features of
interest to NASA’s Mars Exploration Program (e.g., candidate landing sites), and

(3) conduct a scientific investigation, led by the MARCI team, of geologic, geomorphic,
and meteorological processes on Mars. CTX consists of a digital electronics assembly; a
350 mm f/3.25 Schmidt-type telescope of catadioptric optical design with a 5.7° field of
view, providing a ~30-km-wide swath from ~290 km altitude; and a 5000-element
CCD with a band pass of 500—700 nm and 7 pum pixels, giving ~6 m/pixel spatial
resolution from MRO’s nearly circular, nearly polar mapping orbit. Raw data are
transferred to the MRO spacecraft flight computer for processing (e.g., data compression)
before transmission to Earth. The ground data system and operations are based on 9 years
of Mars Global Surveyor Mars Orbiter Camera on-orbit experience. CTX has been
allocated 12% of the total MRO data return, or about >3 terabits for the nominal mission.
This data volume would cover ~9% of Mars at 6 m/pixel, but overlapping images (for
stereo, mosaics, and observation of changes and meteorological events) will reduce this

area. CTX acquired its first (instrument checkout) images of Mars on 24 March 2006.
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1. Introduction

[2] Imaging systems could be considered the most scien-
tifically productive instruments of planetary exploration.
Examples of scientific productivity from imaging systems
include images that revealed active eruptions on lo, Triton
(Voyager), and Enceladus (Cassini); showed the volcanoes,
valley networks, and outflow channels of Mars (Mariner 9);
documented an anthropogenic impact on a comet (Deep
Impact); and permitted the first views of landscapes
acquired from the surfaces of Venus (Venera) and Titan
(Huygens). The Mars Reconnaissance Orbiter (MRO)
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Project, acknowledging the contribution of imaging systems
to planetary exploration, carries four such systems: CRISM,
the Compact Reconnaissance Imaging Spectrometer for
Mars [Murchie et al., 2007], HiRISE, the High Resolution
Imaging Science Experiment [McEwen et al., 2007],
MARCI, the Mars Color Imager [Malin et al., 2001a],
and CTX, the Context Camera.

[3] The NASA MRO spacecraft, managed by the Jet
Propulsion Laboratory (JPL), was launched aboard an Atlas
V-401 from Launch Complex 41 at Cape Canaveral Air
Force Station, Florida, on 12 August 2005, and entered orbit
about Mars on 10 March 2006. Following a period of
aerobraking to adjust the MRO orbit, the spacecraft will
begin routine operations in the last quarter of 2006. On
board the MRO, the Context Camera is designed to obtain
30-km-wide, >40-km-long, 5—6.5 m/pixel views of the
Martian surface from the nominal 255-320 km altitude
Primary Science Phase (PSP) orbit at ~15:00 local time.
These images will provide spatial context for other MRO
observations, and expand upon the results of previous high
spatial resolution imaging investigations, particularly those
of the Mars Global Surveyor (MGS) Mars Orbiter Camera
(MOC). Because the MRO spacecraft can be rolled off
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nadir, such that its instruments can be pointed at specific
targets on the Martian surface, CTX will be able to acquire
stereoscopic image pairs and images that mosaic together to
map areas >60 km wide from east to west.

[4] CTX was not selected by competitive proposal; rather,
it was an outgrowth of the originally proposed Mars Climate
Orbiter (MCO) MARCI Medium Angle camera [Malin et
al., 2001a] and recommendations of the MRO Science
Definition Team empanelled by NASA. The MARCI
development team was tasked by NASA with developing
a new camera to serve three scientific purposes: (1) provide
context for data acquired by other MRO instruments,
(2) investigate features of interest to the NASA Mars
Exploration Program, and (3) conduct investigations of
ancient and contemporary geologic, geomorphic, and
meteorological (dust raising events) processes on Mars.

[s] As a NASA Facility Instrument (an instrument
selected as government-furnished equipment (GFE) to be
operated by a science team not responsible for its design and
fabrication), designed, developed and operated by Malin
Space Science Systems (MSSS), CTX will provide context
images for the MRO HiRISE [McEwen et al., 2007],
targeted observations CRISM context imaging [Murchie et
al., 2007], surface context observations for SHARAD (the
Shallow Radar subsurface sounding system), and compre-
hensive views of candidate sites being considered by NASA
for future Mars landings, including Phoenix (2007 launch)
and the Mars Science Laboratory (2009 launch).

2. Science Objectives and Goals

[6] More than eight years of experience imaging the
Martian surface at high spatial resolution by the MGS
MOC experiment has shown new, and in some cases
unexpected, details about the most recent, and the most
ancient, events and processes that shaped the planet’s
surface and geologic record [Malin and Edgett, 2001,
2005]. Early in the mapping phase of the MGS mission, it
became clear to the science team that MOC’s high-resolution
capability had crossed a threshold beyond which landforms
and details observed at spatial resolutions better than ~6—
7 m/pixel provided a view of Mars very different than that
offered by the highest-resolution Viking orbiter images
(typically 830 m/pixel). Many of the results of the MOC
investigation, now familiar to most geologists studying Mars,
were a direct product of the higher spatial resolution. MOC
images of resolution poorer than ~6—7 m/pixel generally
resembled the higher-resolution Viking images, or the Mars
Odyssey Thermal Emission Imaging System (THEMIS)
visible subsystem (VIS) images (~18 m/pixel). MRO CTX
images will be similar to the high-resolution views from
MOC, particularly in the sense that they are being acquired at
a spatial scale that is better than the ~6—7 m/pixel threshold.
Many MOC images were acquired at <6 m/pixel (by spa-
tially aggregating pixels), especially in locations such as west
Candor Chasma and northern Sinus Meridiani, where there
are vast exposures of layered rock, in order to maximize
spatial coverage without sacrificing key details of the planet’s
geomorphology and stratigraphy.

[7] As a scientific investigation of the MRO MARCI/
CTX team, CTX will be used to examine an array of topics
that emerge directly from the results of the Mars missions
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conducted over the past decade. These objectives are to
document and study the geology and geomorphology of
(1) layered rock outcrops, their geologic records, and their
denudation; (2) fluvial landforms and processes, including
gullies, valley networks, and outflow channels; (3) eolian
landforms, processes, and events; (4) mass movement
processes; (5) polar landforms and processes; (6) volcanic
features; (7) middle-latitude landforms; and (8) impact
craters.

2.1. Layered Rock Outcrops

[8] On Earth, layers provide the books and pages from
which the planet’s geologic history is read. Layers are
ubiquitous in the upper crust of Mars; they are exposed in
crater and trough walls throughout the Martian highlands,
they are found on the northern plains, and they comprise the
walls of volcanic calderae [Malin and Edgett, 2001].
Layered materials on Mars are directly related to the relative
roles of processes (water and wind erosion and deposition,
volcanism, and impact cratering) that have acted upon the
planet’s surface at one time or another. Owing to the
complex interbedding of layered rock, impact craters, and
ancient valleys, the upper crust of Mars should be thought
of as a volume, with landforms originally once at the
surface (e.g., craters, valley networks, etc.) now distributed
in three-dimensions throughout that layered volume [Malin,
1976; Edgett and Malin, 2004].

2.1.1. Light-Toned, Layered Rock Outcrops

[o] Of particular interest to the CTX investigation is the
array of light-toned, layered exposures described by Malin
and Edgett [2000a] as likely outcrops of sedimentary rocks.
These outcrop areas are among the most important findings
of the MGS MOC investigation. Observations of an eroded,
fossil delta with inverted fluvial channels by MOC, plus the
light-toned, layered bedrock of Meridiani Planum examined
by the Mars Exploration Rover, Opportunity (MER-B),
have confirmed that at least some of these materials are
indeed sedimentary rocks [Malin and Edgett, 2003; Squyres
and Knoll, 2005]. Primary igneous materials (i.e., tephra
deposits) have also been proposed to occur in some loca-
tions and in forms that might be challenging to distinguish
from sedimentary materials in orbiter images [Scott and
Tanaka, 1982; Chapman, 2002]. Highly repetitious beds or
packages of bedded material, like those in southwest Can-
dor Chasma [Malin and Edgett, 2000a] or in some of the
craters of western Arabia Terra (Figure 1), suggest that
cyclic or at least episodic change occurred in some envi-
ronmentally modulated depositional settings. Vertical
changes in bedding properties, such as slope morphology
(a function of resistance to erosion), reflect temporal
changes in the caliber or composition of material deposited
and/or the diagenesis of the materials. Unconformities,
particularly erosional unconformities, have also been
observed in some outcrop areas, such as Gale Crater and
northern Sinus Meridiani [Malin and Edgett, 2000a; Edgett,
2005]. The light-toned outcrops, in addition to their mor-
phologic characteristics, also in some cases present key near
infrared spectroscopic evidence for sulfate and phyllosili-
cate mineralogies [Gendrin et al., 2005; Arvidson et al.,
2005; Poulet et al., 2005].

[10] CTX images will provide context for and fill gaps in
coverage between 1.5-6 m/pixel MOC narrow-angle
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Figure 1.

camera images and the new MRO HiRISE data of light-
toned layered rock. Stereopairs of CTX images, particularly
when acquired during what is known for each outcrop
location to be the best time of year for high-resolution
imaging in terms of low atmospheric opacity and higher
solar incidence angle, will help investigators trace strati-
graphic relations over greater distances than can be easily
accomplished with existing MOC coverage. CTX will also be
employed to look for previously undocumented outcrop sites.
MOC images show that there are scattered, small (<1 km
across), light-toned, layered rock outcrops on the upland
plains through which the central troughs of the Valles
Marineris are cut and in the heavily cratered terrain south of
Meridiani Planum [Edgett, 2005]. CTX, with its 30-km-wide
field of view, will facilitate locating additional outcrops in
these regions much more quickly than possible with MOC
3-km-wide swaths. CTX will also be employed to docu-
ment and help piece together the stratigraphic, deforma-
tional, and structural attributes of the layered materials in
northwest and southeast Hellas Planitia and central Argyre
Planitia, particularly during the mid-late southern autumn
season (Ls ~ 55°—85°), when atmospheric opacity is low
and solar incidence angles are ideal (e.g., Figure 2).

Eroded remnants of rhythmically bedded, light-toned, sedimentary rock in a crater in western
Arabia Terra at 8.9°N, 1.2°W. This is a subframe of MOC image S07-00608; north is toward the top/
upper right. The sun shines from the left.

2.1.2. Denudation of Light-Toned, Layered Rock
Outcrops

[11] One of the most important mysteries to emerge from
the MGS MOC investigation is the extreme paucity of
impact craters on the surfaces of exposed, light-toned,
layered rock outcrops [Malin and Edgett, 2001]. The
problem is best illustrated in western Candor Chasma,
where the upland surrounding the chasm and the walls of
the chasm exhibit hundreds of subkilometer diameter im-
pact craters, but the interior light- and intermediate-toned
layered rocks do not. Hartmann [2005] used crater counts to
estimate the age of the floor of the caldera of Arsia Mons to
be 200—1000 million years. In other words, the caldera
floor of Arsia Mons is generally considered to be geolog-
ically young. Figure 3 compares equally sized areas (repre-
sentative of surfaces of 1000s km? extent), one on the floor
of the Arsia Mons caldera, the other shows layered rock
outcrops in west Candor Chasma. The Arsia Mons surface
is peppered with small impact craters, the other has none. If
the abundant small craters in the caldera of Arsia Mons
imply a relatively young age, does the absence of craters in
west Candor imply that the processes of denudation and
exposure of these outcrops has occurred extremely recently,
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Figure 2. Complexly exposed and deformed(?) layered
rock in northwestern Hellas Planitia. This is a subframe of
MOC image S14-02611, located near 40.7°N, 307.5°W. The
image covers an area 3 km across; north is toward the top/
upper right. The illumination is from the upper left.

and is active in the present Martian environment? The
materials are not covered with dust or sand; how are they
being eroded and where did (or are) the products of this
erosion going? Elsewhere on Mars, some light-toned rock
outcrop sites exhibit wind-eroded yardangs, for example in
Trouvelot Crater [Malin and Edgett, 2001], but many of
these outcrops show little evidence regarding how they
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came to be eroded and exposed at the present Martian
surface.

[12] A key activity of the CTX science investigation will
be to acquire a full mosaic (and stereopair coverage) of
western Candor Chasma, permitting a more complete
documentation of its impact crater population than has been
possible with the previous acquisition of dozens of MOC
narrow-angle images. The majority of MOC images of west
Candor were, in fact, obtained at better than 6 m/pixel scale.
If evident, eolian sediment transport pathways in Candor
and other chasms in which similar rock outcrops occur will
be documented to further understand the denudation pro-
cesses that have acted on these materials. Imaging relatively
large areas (100s to 1000s km?), such as all of west Candor
or the layered mound of rock in Gale Crater, will ensure that
all impact craters on these surfaces, down to about 20 m
diameter, will be documented. Erosional landforms, such as
the yardangs common on the light-toned outcrops of west
Tithonium Chasma, or the fine-scale fluvial forms preserved
in rock in southwestern Melas Chasma, will also be
examined.

2.2. Fluvial Features

[13] Fluvial features, or at least features for which inves-
tigators have proposed fluvial origins, include the relatively
large outflow channels, relatively small middle- and polar-
latitude gullies, and the intermediate-scale valley networks.
CTX observations will enhance studies of these Martian
features, commonly considered to be the products of erosion
by liquid water.

2.2.1. Gullies

[14] Malin and Edgett [2000b] first described middle- and
high-latitude gullies. Nearly all examples occur poleward of
30° latitude in both hemispheres. Gullies found equatorward
of 30° are very rare; the majority of these are poleward of
27° and most of these occur on the north walls of Nirgal

Figure 3. Comparison of small crater populations on the floor of (a) the Arsia Mons caldera and
(b) western Candor Chasma. Although the caldera floor is considered to be quite young on a geologic
timescale, the surface in west Candor must be even younger, so young that perhaps processes that remove
craters from this surface still occur today. Both images were taken about the same time of year under
similar illumination conditions (sunlight from the left/upper left). Both were acquired at 6 m/pixel, the
scale of CTX images. (a) Subframe of MOC image E03-00354, near 9.0°S, 120.7°W. (b) Subframe of
MOC image M02-00343, near 6.1°S, 75.7°W. North is toward the top/upper right in both images.

Illumination is from the upper left.
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Vallis. Gullies always have a channel and typically exhibit
an apron, unless it has been buried. Channels are commonly
banked and sinuous, but in some cases they meander.
Examples of straight channels also exist. The channels
usually originate at a point about 200—800 m below the
local surface outside of the depression in which the gully
occurs [Malin and Edgett, 2000b; Gilmore and Phillips,
2002; Heldmann and Mellon, 2004]. In some cases, the
aprons include dozens to hundreds of individual flow lobes.
Many, although not all gullies have an alcove above the
channel; these form by undermining, collapse, and mass
movement of debris [Malin and Edgett, 2000b]. The
majority of the tens of thousands of gullies occur in the
walls of craters, pits, valleys, troughs, and depressions.
However, some variants occur on dune slip faces, crater
central peaks, and the mountains around Argyre Planitia
[Malin and Edgett, 2000b; Baker, 2001; Reiss and
Jaumann, 2003], although differences in specific morphol-
ogy may reflect alternative origins.

[15] A few hypotheses for the origin of the gullies center
on release of subsurface CO, [Musselwhite et al., 2001;
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Hoffman, 2002]; Stewart and Nimmo [2002] considered it
unlikely that sufficient quantities of CO, could be trapped
beneath the surface. Other investigators suggested that the
gullies formed by dry, granular flow, without the participa-
tion of water or CO, [Treiman, 2003; Shinbrot et al., 2004].
However, banking, contributory channeling, meanders and
meandering sinuosity, and flow lobes in apron deposits are
clues that the rheologic properties of the flows that came
through at least some gullies required the presence of a fluid
with the rheological properties of liquid water [Malin and
Edgett, 2000b; Hartmann et al., 2003]. Among hypotheses
that favor liquid water are those centered on groundwater
[Malin and Edgett, 2000b; Mellon and Phillips, 2001;
Gilmore and Phillips, 2002; Heldmann and Mellon,
2004], melting ground ice [Costard et al., 2001], and
melting surface ice or snowpack [Lee et al., 2001;
Christensen, 2003]. The gullies occur over a wide range
of settings, most of them very far from volcanic regions,
suggesting that volcanic and hydrothermal processes are not
involved [Malin and Edgett, 2000b]. The groundwater
hypothesis may be favored by key 2005-2006 MOC
observations that demonstrate correlations between some
gullies with overhanging layers, faults, and small impact
craters (Figure 4).

[16] The majority of the tens of thousands of gullies
identified in MOC and THEMIS images are not cratered.
The few that are cratered typically have multiple, closely
spaced small craters, suggesting that these are cases of
secondary impact [Edgett et al., 2003a]. Estimates of the
age of gullies center on their geomorphic and stratigraphic
youth and lack of superposed impact craters. Malin and
Edgett [2000b] concluded that the gullies could be less than
1 million years old. Reiss et al. [2004] examined small
craters on eolian megaripples in Nirgal Vallis, which are also
superposed by gully aprons, and concluded that these may be

Figure 4. Evidence for groundwater role in midlatitude
gully genesis. (a) A gully channel heads just below an
overhanging rock layer in the wall of Dao Vallis. Gullies on
the walls of Dao Vallis are considered by others [e.g.,
Christensen, 2003] to have attributes that serve as prime
examples of a key alternative explanation, snowmelt. This
example is from a subframe of MOC image S14-01017,
located near 34.2°S, 268.1°W. (b) A gully head associated
with intersection of a mare-like ridge and the crater wall, at
a fault. The gully is also located equatorward of 30°S and
provides key evidence for involvement of groundwater in
gully genesis because water would have taken advantage of
the presence of a fault such that it emerges where the fault
and surface environments intersect. The picture, a subframe
of MOC image S02-00674, is located near 29.1°S,
207.5°W. (c) Gullies located on a crater wall, below the
site of a smaller impact crater. In this case the smaller
impact postdates the larger crater in which the gullies occur.
The additional fractures in the bedrock created by this
smaller crater may have increased the availability of
conduits through which groundwater could come to the
surface and create the gullies. This is a subframe of MOC
image S16-02714, located near 33.9°S, 160.0°W. In all
three images, north is toward the top/upper right. The sun
shines from the left/upper left.
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younger than 3 million years, and perhaps < 300,000 years.
Other investigators have focused on the role of obliquity
excursions to promote gully formation, and whether gullies
might be active under temperature and pressure conditions
different from those that occur today [Costard et al., 2001;
Christensen, 2003; Berman et al., 2005]; however, the work
of Heldmann et al. [2005] suggested that modern pressure
and temperature conditions are a better fit when the
measured run-out distances of gully channel/apron com-
plexes are considered.

[17] CTX offers a key advantage over previous imaging
systems at Mars. Its order of magnitude wider field of view,
relative to MGS MOC, means that more gullies can be
observed at a given locale within a single image acquired at a
single time. In most depressions (especially impact craters)
where gullies occur, MOC coverage is incomplete because
multiple 3-km-wide images are required to map out the full
suite of gullies at the given location, where only one or two
CTX images are necessary. The other key advantage over
previous systems, particularly the Mars Express High Reso-
lution Stereo Camera (HRSC; best resolution ~10 m/pixel,
but typically lower) and Mars Odyssey THEMIS VIS
(~18 m/pixel), is spatial resolution. Most gullies are too
small to be adequately identified and monitored for change in
18 m/pixel images, and even 10 m/pixel images do not show
all of the relevant morphologic details. However, new gully
locations have been routinely identified by targeting MOC
images at 4.5-6.5 m/pixel, and CTX data fall within this
range. With CTX, it will be possible to identify and monitor
a larger number of gully sites than can be accomplished
with MOC. Malin and Edgett [2000b] speculated that some
gullies might be so young that new flow and depositional
events might occur today, and the Heldmann et al. [2005]
study supports this possibility. In this context, CTX will be
employed to routinely re-image known gully locations to
look for changes. CTX 6 m/pixel stereo views will enhance
geomorphic studies and models that are focused on the
nature of the slopes upon which gully channels occur.
2.2.2. Valley Networks

[18] Valley networks are often cited as key evidence that
past Martian environments were considerably different from
those of the present [e.g., Milton, 1973; Sharp and Malin,
1975; Pieri, 1976, 1980; Mars Channel Working Group,
1983], although some cases have also been described as
perhaps being related to impact- or volcanic-induced con-
ditions [e.g., Maxwell et al., 1973; Brakenridge et al.,
1985]. Valley networks commonly display arborescent
patterns, sinuous channels, and occasional meanders that
imply processes of overland flow, drainage basin develop-
ment, and sustained surficial transport of fluid. The origins
of these valleys have remained controversial for the past
three decades, with surface runoff fed by precipitation
versus sapping fed by groundwater (perhaps requiring
precipitation for recharge) being the main alternatives cited
[Sharp and Malin, 1975; Pieri, 1980; Malin and Carr,
1999; Grant, 2000; Craddock and Howard, 2002;
Aharonson et al., 2002]. At orbiter image scales (~1.5—
12 m/pixel range), the majority of valley networks appear to
have been subjected to considerable modification since they
formed. Their floors are commonly obscured by eolian
megaripples, their walls have retreated as a result of mass
wasting, and at middle latitudes materials have mantled and
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covered portions of key valley systems, such as those on
Alba Patera and the Warrego Valles [Malin and Carr, 1999;
Carr and Malin, 2000; Malin and Edgett, 2001; Ansan and
Mangold, 2006].

[19] Analysis of MOC and THEMIS VIS images have
also led to the recognition that portions of valley network
systems are in some cases buried, or the rock into which the
valleys cut has been removed by erosion, and some chan-
nels have been inverted by erosional processes. In other
words, the valley network story for Mars is not entirely
recorded on the planet’s surface; it is also preserved in (or in
some cases removed by erosion from) its rock record
[Williams and Edgett, 2005]. Inverted channels are also
common on eroded sedimentary fans, such as the fossil
delta in Eberswalde Crater [Malin and Edgett, 2003] and the
fans of Aeolis [Williams and Edgett, 2005]. Some networks
that appear to be clearly resolved in 100 m/pixel scale
thermal infrared images, such as those near Echus Chasma
described by Mangold et al. [2004], are actually poorly
integrated and severely eroded when observed at the scale
of MGS MOC or MRO CTX images. Finally, some net-
works are of extremely fine scale, like that of terrestrial rills
and creeks, and have been exposed from within the rock
record by erosion and, in some cases, inversion; examples
occur near Juventae Chasma [Williams et al., 2005] and in
southwestern Melas Chasma, where Quantin et al. [2005]
have erroncously mapped a suite of integrated networks
where high-resolution MOC images show only discontinu-
ous channels and depositional fans located at different levels
within a layered rock stratigraphy.

[20] CTX images will provide 6 m/pixel stereo and
mosaic views of key valley network sites, including the
features in southwestern Melas Chasma, on the plains
immediately west of Juventac Chasma, Warrego Valles,
Parana Valles, northwestern Alba Patera, Auqakuh Vallis,
and the fans in Aeolis. These detailed images will fill in
critical gaps in the existing high spatial resolution coverage
from MGS MOC and other orbiter imaging systems. Owing
to its larger field of view, CTX will also contribute to
mapping of valleys with known interior channels, often
cited as evidence for sustained of fluvial activity [Malin and
Carr, 1999; Irwin et al., 2005; Jaumann et al., 2005],
despite the observation that the first such case identified,
in Nanedi Valles, turned out to be a discontinuous feature
[Malin and Edgett, 2001].

2.2.3. Outflow Channels

[21] The large Martian outflow channels, particularly the
circum-Chryse valleys, have received considerable attention
and discussion since they were first seen in Mariner 9
images. The presence of imbricated boulders at the Mars
Pathfinder landing site [Smith et al., 1997] generally con-
firmed the view that outflow channels seem to be the
products of catastrophic flooding [Baker and Milton,
1974; Sharp and Malin, 1975; Baker and Kochel, 1979;
Carr, 1979]. A major objective of the MGS MOC investi-
gation was to use high spatial resolution images to examine
the size and spatial distribution of debris (particularly large
boulders) in outflow channel systems to help distinguish
between models for outflow channel formation by cata-
strophic flood, debris flow activity, or action of glacial ice
[Malin et al., 1992]. However, very few boulders were
resolved in these channels in MOC images of spatial
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Figure 5. This is a portion of an unnamed outflow channel
in the Zephyria region (south of Cerberus) of Mars. The
image was acquired at 6 m/pixel, like CTX images, but
covers an area only 3 km wide. Note the cataract at the
lower left. Fluid flowed from the lower left toward the upper
right. This is a subframe of MOC image R20-00043, located
near 3.7°N, 204.7°W. Illumination is from the left.
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resolution as high as 0.5-2.0 m/pixel [Malin and Edgett,
2001]; the boulders that are observed in the MOC images
are commonly those found in the ejecta of impact craters
that formed after the channels were cut. The Mars Path-
finder and Viking 1 lander sites show that large boulders do
exist in some outflow channel settings, but those transported
by the floods may generally be smaller than can be resolved
in MOC, and hence CTX, images. We note that this is a
promising area for MRO HiRISE observations.

[22] Images from MOC, THEMIS, and the Mars Express
High Resolution Stereo Camera (HRSC), highlight attributes
of the Kasei Valles, Marte Valles, and Athabasca Valles
regions. Within Kasei Valles, MOC images show evidence
for a relatively late-stage fluvial event or events, in which
material flowed through the southernmost valley of the east
Kasei Valles complex. This younger event in Kasei created
a cataract through which water and mud appears to have
flowed [Williams and Malin, 2004]. Images from MOC
and THEMIS provided fresh, generally unanticipated
details about features that may be among the youngest
outflow channel features on Mars, including Marte Valles,
Athabasca Valles, and other channels in the classical albedo
regions of Cerberus and Zephyria (Figure 5). Much of the
work on these features has focused on the confusing mix of
evidence for catastrophic flood by water, flow of extremely
fluid lavas, and perhaps mudflows, in the region [Burr et al.,
2002a, 2002b, 2004; Berman and Hartmann, 2002; Head et
al., 2003a; Plescia, 2003]. Other, smaller channel systems
that bear some similarity to those in the Cerberus region
occur in Tharsis, particularly in the regions east of Olympus
Mons [Mouginis-Mark, 1990; Mouginis-Mark and
Christensen, 2005].

[23] Owing to the larger field of view and MOC-scale
spatial resolution, CTX is an excellent tool for furthering
understanding of the outflow channel features observed in
MOC and THEMIS images in the Kasei, Athabasca, Marte,
and Tharsis regions. Lava flows draped over the west walls
of western Kasei Valles and flowed for some distance into
the valley. Valley floor geomorphology observable in the
30-km-wide CTX images will permit the opportunity to
help distinguish these flows and their relationship to other
features interpreted as possible mudflows [Malin and
Edgett, 2001; Williams and Malin, 2004] in the Kasei Valles
system. CTX will also be employed to build up 6 m/pixel
mosaics and stereo views of key locations in the Marte,
Athabasca, and similar valley systems in the Cerberus,
Zephyria, Amazonis, and Tharsis regions.

2.3. Eolian Activity and Processes

[24] Eolian landforms and processes occur at the interface
between a planet’s atmosphere and surface. As such, eolian
landforms record aspects of diurnal, seasonal, annual, and
multiyear climate events. Eolian processes under Martian
conditions transport fine-grained materials (dust, silt, sand,
and granules) [Iversen and White, 1982]. Past climates may
have had different wind regimes that transported different
sizes or amounts of material. The same may be true of
eolian erosion: large portions of the Martian surface have
been deflated, producing yardangs of various orientations
that do not match current wind patterns [Ward et al., 1985;
Greeley et al., 1993]; and some show evidence that yard-
angs formed, then were buried by later yardang-forming
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material, preserving a complex record of previous wind
regimes [Wells and Zimbelman, 1989]. CTX will be used to
acquire images that address aspects of contemporary and
earlier eolian activity, including documentation of dust
storms and dust devils, wind streaks, and eolian bedforms
(dunes and megaripples).

2.3.1. Contemporary Activity

[25] Mars Global Surveyor MOC experience has demon-
strated, over a period spanning more than 4 Mars years, that
dust is raised somewhere on Mars nearly every day [Cantor
et al., 2001; Cantor, 2003]. Dust-raising events include dust
devils, small plumes created by gusting winds, and dust
storms of a variety of sizes ranging from local to regional in
scale. Cantor et al. [2002] noted, after just a little more than
one Mars years of MOC daily global observations, that
some weather phenomena repeat year after year. For exam-
ple, there is a dust storm that occurs every Mars year
around Ly 139° south of and adjacent to Melas Chasma that
was first observed by MOC in Mars approach images
acquired during the MGS cruise phase on 2 July 1997. It
was seen again in 1999, 2001, 2003, and 2005 at about the
same time of year. These repeated events are believed to
attest to a delicate energy balance within the Martian
atmosphere, and the prevalence of threshold conditions in
stimulating meteorological responses, relative to Earth. The
predictability was sufficient to know more than a year in
advance that a dust storm would occur in Isidis Planitia near
the time of the Beagle 2 landing, and, indeed, this is what
occurred on 11 December 2005, about 13 days before the
landing attempt. CTX observations of dust-raising events
and changes in wind streaks and albedo patterns over time
will complement simultaneous observations obtained at
different scales by the other MRO instruments, particularly
the MARCI daily global images.

[26] Dust devils on Mars occur in a variety of sizes: some
tower several kilometers and are readily seen from orbit,
even in images of ~250 m/pixel, others contain so little dust
that they are not readily seen from orbit, but are visible to
landed instruments such as the cameras on the MER Spirit
rover [Cantor et al., 2006; Greeley et al., 2006]. Some dust
devils create streaks as they disrupt dust on the surface; both
streaks and dust devils have been observed by Viking,
MOC, THEMIS, and HRSC at nearly all latitudes and at
elevations from the tops of the Tharsis volcanoes to the
deepest parts of Hellas basin [Thomas and Gierasch, 1985;
D. A. Williams et al., 2004; Cushing et al., 2005; Cantor et
al., 2006]. Except in the polar regions, dust devils are
probably most abundant in the afternoon, peaking in the
local time range between 11:00 and 15:00, much like their
terrestrial cousins [Sinclair, 1969; Ferri et al., 2003]. Four
Mars years of MOC observations have shown that large,
abundant dust devils are most common in three specific
regions: northern Amazonis, a light-toned surface at the
Syria Planum/Claritas Fossae boundary, and a light-toned
surface in eastern Sinus Meridiani, west of Schiaparelli
basin [Cantor et al., 2006]. In the case of northern Ama-
zonis, dust devils begin to be observed in the afternoon
within two weeks of the start of northern spring, and then
they occur nearly every day through spring, summer, and
often into the first week or two of autumn; then they
shut down for the rest of autumn and winter, when local
dust storms are often observed instead of dust devils.
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MOC narrow-angle images of spatial resolutions in the
6—12 m/pixel range were routinely acquired in these known
regions of dust devil activity, and they often captured
multiple vortices despite having only a 3-km-wide field of
view. CTX will be directed to monitor these three regions of
known, frequent dust devil activity. If both MGS MOC and
CTX are operating at the same time during the MRO
Primary Science Phase, it may be possible to see whether
any dust devils continue to be active over the 1-hour
interval between the passage of MOC and CTX over these
regions.

[27] Dust storms, as with dust devils, come in a variety of
sizes and commonly occur at predictable times and pass
through the same regions year after year [Cantor et al.,
2001; Cantor, 2003, 2007]. The occurrence of dust storms
on Mars has been recognized for well over a century
[Martin and Zurek, 1993] and can include planet-encircling
events [Zurek and Martin, 1993; Cantor, 2007]. The most
common dust storm activity is the product of cold winds
blowing off the edge of the seasonal polar cap, in both
hemispheres, particularly in their respective spring seasons.
Owing to the predictability of some polar storms, it will be
possible to target CTX images with the specific intent of
catching some of these dust storms in action, at 6 m/pixel
spatial resolution. MOC narrow-angle camera experience
demonstrates that images such as these will help pinpoint
dust sources, as opposed to the dust clouds that drift
downwind from the source, by showing the streamers and
gusts that are caught in the act of directly lifting dust from
the Martian surface (Figure 6). Such data will compliment
daily global observations from the MRO MARCI and MGS
MOC in helping to understand where present sources for
loose, unconsolidated dust are located.

[28] Contemporary eolian activity also includes the
“variable features” of Mars. Changes in albedo pattern
have been noted for over a century. With the advent of
flyby and orbiter observations in the 1960s and 1970s, a
suite of studies were conducted which examined the chang-
ing of albedo patterns and wind streaks as a function of
season and in connection with the passing of dust storms
through a given region [e.g., Sagan et al, 1972, 1973;
Veverka et al., 1977; Thomas and Veverka, 1979; Lee et al.,
1982; Greeley et al., 2005; Geissler, 2005]. Once attributed
to vegetation [e.g., Lowell, 1896], it became clear that these
changes are caused by wind redistribution of relatively thin
veneers of dust [e.g., Sagan and Pollack, 1969; Greeley et
al., 1974; Christensen, 1988]. Throughout the 1 Mars year
Primary Science Phase of the MRO mission, CTX images
of key locations where wind streaks, dust devil tracks, and
other variable albedo features are known to occur will be
imaged to compare with or complement other data acquired
of these same targets over the previous few decades. Several
sites where wind streak changes have been noted by
ongoing MGS MOC monitoring will be examined, includ-
ing repeated observations of the regions around the two
Mars Exploration Rovers, both of which have exhibited
changes in wind streak and albedo patterns during the past
few Martian years [Greeley et al., 2005; Sullivan et al.,
2005; Cantor et al., 2006]. These phenomena are important
as they provide key constraints on the availability and
mobility of surface fines and on the conditions necessary
for their movement.
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Figure 6. Example of a Martian dust-raising event viewed
at 6 m/pixel. The wind was blowing from the bottom toward
the top of the frame, lifting dust from the ground in dozens
of small streamers and creating a plume downwind. The
image covers an area 3 km wide; sunlight illuminates the
scene from the upper left. This is a subframe of MOC image
E11-01671, located near 87.0°S, 170.4°W. Illumination is
from the left.

[29] Contemporary albedo changes and the physical
properties of surface materials can also be investigated with
select CTX observations. CTX images of the opposition
surge near zero phase can be used for photometric studies of
surface properties [e.g., Thorpe, 1982]. Because of its
relatively broad visible-wavelength band pass, CTX
radiance data can be converted to an approximate (or
scaled) bolometric albedo for monitoring of surface albedo
features in comparison with previous orbital and telescopic
albedo observations [e.g., Pleskot and Miner, 1981;
Christensen, 1988; Christensen et al., 2001]. Such data
also are useful for cross-calibration with other MRO imag-
ing and spectroscopic instruments, and for comparison with
surface-based albedo measurements [e.g., Bell et al., 2004].
2.3.2. Bedforms

[30] Eolian dunes are composed mainly of sediment
transported by saltation; ripples typically consist of particles
moved by the impact of saltating grains [Sharp, 1963].
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Dunes and very large ripples (megaripples) are readily
observed in orbiter images, especially the higher-resolution
views [Cutts and Smith, 1973; Tsoar et al., 1979; Thomas
et al., 1999; Wilson and Zimbelman, 2004; Yizhag, 2005].
Comparisons between dune positions in Mariner 9 and
Viking orbiter images with MGS MOC images (and MOC
images with earlier MOC images) of dunes and large
ripples have not yet revealed any evidence that the
bedforms have moved during the past Martian decade
[Edgett and Malin, 2000; Zimbelman, 2000; Edgett,
2002; Schatz et al., 2006]. Terrestrial experience shows
that small dunes move more quickly and will travel the
greatest distance [Finkel, 1959; Long and Sharp, 1964].
One series of MOC images showed that a couple of small,
dark patches of sand moved, but the larger, neighboring
dunes did not (Figure 7).

[31] CTX will extend forward in time the efforts of the
MGS MOC, underway since 1997, to re-image dunes and
dune fields (particularly those areas with the smallest
barchans) as well as large eolian ripples, to help determine,
at least to 6 m/pixel scale, whether any of these bedforms
are changing or have changed since previous images
(Mariner 9, Viking, or MGS) were acquired. The advantage
of CTX over the preceding MOC effort is its greater field of
view, permitting more dunes at a given location to be
examined in a single image, and the likelihood that CTX
will be operating farther in the future than MOC. CTX will
also be employed to extend the MOC effort to repeatedly
monitor dunes subjected to the coming and going of
seasonal frost, such as those in Richardson Crater [Supulver
et al., 2001]; to look for changes on dune slip faces, such as
the formation of a new avalanche chute or gully in the
Russell or Kaiser dune fields [Reiss and Jaumann, 2003];
and to document the nature of buried or exhuming dunes
and sand-rich beds in the north polar region [Edgett et al.,
2003b; Schatz et al., 2006].

2.4. Mass Movement

[32] Contemporary processes on Mars include mass
movements, such as the formation of new streaks by
downhill motion of material on dust-mantled slopes and
the rolling of boulders to form new boulder tracks. MGS
MOC has documented the products of both of these
processes at spatial resolutions comparable to CTX,
although the majority of boulder tracks are better seen at
higher resolution. Boulder tracks are commonly created on
Earth, the Moon, and Mars, when boulders roll down slopes
of materials having physical properties that will preserve the
depressions made by a bouncing and/or rolling object [e.g.,
Eggleston et al., 1968].

[33] Slope streaks, which include some that are darker
than and others that are lighter than their surrounding
surfaces, are more common than boulder tracks. The
majority occur in the dust-mantled regions of Tharsis,
Arabia, Tempe Terra, and hillslopes adjacent to Amazonis
Planitia and the plains south of Cerberus [Sullivan et al.,
2001; Aharonson et al., 2003]. Some investigators have
proposed that water may be involved in the formation of
slope streaks [Schorghofer et al., 2002; Ferris et al., 2002],
but others suggest, in large part on the basis of the fact that
they only occur on dust-mantled surfaces, that they are
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Figure 7. Evidence for contemporary transport of eolian sand on Mars. While the large north polar
dunes have not moved during this sequence of images obtained during 1999-2004, two small patches,
labeled a and b, changed. Patch a disappeared between March 1999 and December 2002, while patch b
steadily got smaller. Patch c, which is larger than patches a and b, does not appear to have changed. The
changes observed (as well as changes that should have occurred but did not) suggest that the larger dunes
are crusted and only a very small amount of the local sand is loose and available for transport in the
modern environment. Winds are strong enough to move sand in the north polar region, because
summertime dust storms are common, and winds capable of moving dust are stronger (or the same if sand
launches dust by saltation impact) than those needed to move sand. These images are located near
76.4°N, 264.9°W. Left: subframe of MOC image FHA-00515. Middle: MOC image E23-00490. Right:
MOC image S01-00007. Illumination is from the lower left.

simply the product of dry avalanching of the dust [Sullivan
et al., 2001]. New slope streaks have been seen in MOC
images to have formed over intervals as short as 100 days
[Sullivan et al., 2001; Aharonson et al., 2003]. With its large
field of view, relative to MOC, CTX will be used to re-
image known locations of slope streaks previously observed
by Viking, MOC, THEMIS VIS, and HRSC, to further
document the rate and frequency of change.

[34] CTX images will also document and provide
6 m/pixel stereo views of landslide deposits on Mars.
Those in the Valles Marineris [Lucchitta, 1978; McEwen,
1989], for example, are typically wider than the MOC 3 km
field of view, and very few examples have been fully
documented by building up mosaics of MOC images.
High-resolution images of such landslides contribute to
studies of the physical properties of the material during
emplacement [Malin and Edgett, 2001], which aids in
addressing the long-standing question of whether the very
large landslides on Mars contained and released water and/
or involved dry granular flow processes [Soukhovitskaya
and Manga, 2006].

2.5. Polar Processes and Landforms

[35] During the past nine years, Mars Global Surveyor,
Mars Odyssey, and Mars Express have provided a quantum
leap in knowledge about the Martian polar regions. New
features have been observed, including the dynamic, chang-
ing mesas and circular pits of the south polar residual cap
[Thomas et al., 2000; Malin et al., 2001b], evidence for
water ice, in addition to CO,, in the south polar region
[Titus et al., 2003; Bibring et al., 2003], dynamic and
unexpected patterns on dunes and regolith surfaces in the
defrosting seasonal ice caps [Kieffer et al., 2000; Malin and

Edgett, 2001; Kieffer, 2003], and details regarding the
stratigraphy and geomorphic evolution of the north polar
layered materials [Byrne and Murray, 2002; Edgett et al.,
2003b; Fishbaugh and Head, 2005; Milkovich and Head,
2005].

2.5.1. Polar Geomorphology

[36] The best evidence for cyclic behavior of the Martian
climate has for several decades been considered to be the
layered materials found in both polar regions [e.g., Murray
et al., 1972; Soderblom et al., 1973a]. Although attempts
were made to correlate layers with variations in insolation
resulting from long-term changes in Mars’ orbital relations
[e.g., Blasius et al., 1982; Cutts and Lewis, 1982], MOC
images revealed more and thinner layers, implying that the
climate-related control of erosion and deposition must vary
over timescales considerably less than the 10°-10° year
periods attributed to astronomical variations [Malin and
Edgett, 2001]; some of these ideas have been explored
recently in the context of high-resolution MOC results
[Laskar et al., 2002; Milkovich and Head, 2005]. MOC
images also show important differences in layer outcrop
expression between the north and south polar regions, and
that the polar ice cap materials also erode differently
[Thomas et al., 2000].

[37] The south polar residual cap surface is smooth at
decameter scale and has hectometer-scale depressions and
mesas, fingerprint-patterned depressions, and evidence of
subsurface subsidence and collapse, while the north polar
cap exhibits a surface t